We show that if a particular temporal relation exists between the option and spot markets, the implied volatility in option prices can be biased depending on the level of the true volatility. The higher the true volatility, the more upward (downward) biased the implied volatility will be, if the option market leads (lags) the spot market. Using intraday data of the S&P 500 index options, we show that the option market leads the spot market at least in the sample. More importantly, the implied volatility is biased due to the lead-lag relationship, and the bias is more profound when the market is more volatile.
1 Feinstein (1989) has formalized this intuition in the context of the Black-Scholes valuation model with stochastic volatility.
2 For instance, Latane and Rendleman (1976) show that the implied volatility predicts future volatility better than the estimators based on historical price data. Patell and Wolfson (1979) provide evidence that the implied volatility provides important information for annual earnings announcements. Day and Lewis (1988) show that stock index option prices reflect increases in the volatility of the underlying index at both quarterly and nonquarterly expiration dates, and that the behavior of the implied volatilities is consistent with an unexpected component of the increase in volatility. Fleming (1998) shows that the best available proxy for the stock return volatility is the volatility rate implied by the preceding day's option prices. 3 For example, for the lead-lag relation between the stock and futures markets, see Finnerty and Park (1987) , Kawaller, Koch and Koch (1987) , Stoll and Whaley (1990) , and Kleidon and Whaley (1992) .
index by about five minutes, even after controlling for infrequent trading in the cash index, confirming the conventional viewpoint of the lead-lag relation between the two markets.
In section II, we show that if the option market leads(lags) the stock market, the implied volatility in option prices will be upward(downward) biased, and that the bias will be higher, the higher the true volatility. In section III, we present some empirical results based on the intraday data of the S&P 500 index options. We show that the option market leads the stock market at least in the sample, and that the implied volatility is significantly biased due to the lead-lag relation. Section IV contains a conclusion.
II. LEAD-LAG RELATION AND IMPLIED VOLATILITY
Suppose that the option market leads the stock market, as perceived in general.
Assume that in the absence of any informational effects the option would be priced based on an implied volatility of σ. For simplicity, we just consider European options. The notation is as follows:
t: current time, T: option expiration date, S: observed stock price at time t, r: risk-free rate, K: exercise price, σ: true implied standard deviation.
The Black-Scholes formula for a European call option is C[S,K,r,σ,T-t]. Since the option market is assumed to lead the stock market, the option price incorporates advance information on the stock price. Using a simple binomial model, the stock price is assumed to change to either S + ∆S or S -∆S, which are assumed to be equally likely.
In each case, we assume that the market price of the call option at time t will be, respectively, If we compute the implied volatility based on C u , we obtain an estimate σ u which will be greater than σ. If we use C d , the implied volatility, σ d will be less than σ. Since the call option price is a convex function of the stock price, the average of these two estimates will exceed σ.
The bias will be
The pair of equations for the implied volatility estimates is We use f(S,σ) for the Black-Scholes price since we will be concerned with its dependence on S and σ. We expand the left-hand side of each equation as a Taylor series around σ and the right-hand side of each equation as a Taylor series around S. 4 After some simplification, we obtain
Note that the bias is positive since both f ss and f σ are positive. These correspond to gamma and vega, respectively. Furthermore, they have explicit forms in the Black-Scholes model (see Cox and Rubinstein (1985) ). Hence, the bias in the implied volatility can be written as 4 Since we use only the first few terms of the Taylor series expansions, this procedure involves error. Our exact computations in Table 1 show that the error is small for plausible parameter values. (4) indicates that the magnitude of the bias depends on ∆S 2 .
We now compare the values of the implied volatility based on the numerical solutions of equations (2) and (3) with the approximate values from equation (4) for different values of ∆S.
The parameter values used are as follows: S = $100, T = one month, r = 8%, K = $100, and ∆ = 25%. The results are shown in Table 1 . The implied standard deviations (σ u ) in case of upward movements in the stock price are greater than the true standard deviation, 25 percent, and those in case of downward movements (σ d ) are smaller. Of particular interest is that as ∆S increases, the bias of the implied volatility increases. When ∆S is $1.00, the bias is only 1 percent. When ∆S increases to $2.00 and $3,00, the bias increases to 3.8 percent and 8.4 percent, respectively. Thus, when the stock price is more volatile, the bias is larger, which is consistent with our theoretical prediction. Table 1 also shows that the error due to ignoring the high order terms of the Taylor series in equation (4) is very small. This confirms our conjecture based on equation (4) that the bias of the implied volatility will be larger when the stock price is more volatile.
III. EMPIRICAL ANALYSIS

A. Data
We randomly selected two contracts of the S&P 500 index options: August 1998 and December 1998 options. In this study, we consider only at-the-money options. As pointed out by Ostdiek, Fleming and Whaley (1992) and Wiggins (1987) 
The daily dividend yield is defined as current annualized dividend rate calculated on rolling 12-month basis and anticipated annual dividends.
In the diagram, t C represents the option price whose transaction is reported at time t.
We denote the spot price immediately preceding the option transaction of time t as From equation (4), we obtain the bias of the ISD as follows:
B. Implied Volatility and its Bias
More specifically, we estimate the bias per percentage change in the spot price as follows:
We use the bias of the ISD per percentage change in the spot price for three reasons.
First, under the assumption of a lead-lag relationship between the option and spot markets, the bias is roughly in the same magnitude as the percentage change in the spot price divided by the annualized time to maturity. Thus, the size of the bias is directly related to the size of the percentage change in the spot price, not to the true volatility that is unknown and is assumed to be constant. 9 Second, the magnitude of the price change for a few seconds or minutes is very small and the square of this small number enters equation (4). Third, the bias would be more meaningful in the form of per percentage change in the spot price since the bias depends on the size of the spot price change which in turn varies with the length of time horizon. The bias in the form of equation (5) will be free from such a problem. The estimated bias is .0033 and .0025
for August options and December options, respectively, and both are statistically significant.
The ISD series have significantly positive serial correlations, but the autocorrelations eventually decline to zero at longer lags 10 . The autocorrelation patterns are similar to those found in daily volatility series for S&P 100 index options (Harvey and Whaley (1992) ), for Eurodollar options (Amin and Morton (1994) ), and for foreign currency options (Campa and Chang (1995) ). The partial autocorrelations and the results of Dickey-Fuller tests show that the ISD time series are stationary and mean reverting. The partial autocorrelations decline substantially after the first lag, suggesting that the implied volatility series follows an AR(1) process.
C. Lead-Lag Relation, Implied Volatility and the Spot Price Volatility
Equation (4) indicates that the implied volatility is directly and positively related to the spot price volatility. To investigate the relationship, we consider the following set of regressions: 
where ∆t is the time interval between
11 We also estimate a regression of the ISD against both of the independent variables in equations (6) and (7) together. To 10 The serial correlations are not reported in the paper to save space but will be available upon request from the authors. 11 The approximate variance measure of the spot market is annualized by dividing it with ∆t. In this way, we can account for the different time intervals between transactions and make the spot volatility measure comparable to the ISD. If account for the AR(1) characteristics of the ISD series, we allow the first-order autoregressive errors and estimate the parameters with a modified Cochrane-Orcutt procedure as developed by Belsley and MacKinnon (1978) .
The results are reported in Table 3 . The slope coefficient estimate of equation (6), β 1 , is .0333 and that of equation (7), β 2 , is .0074 for the sample of August call options. For the sample of December call options, they are .0251 and .0093 for β 1 and β 2, respectively. In both cases, β 1 is strongly significant while β 2 appears to be mildly significant in statistical sense 12 .
When we run a regression including both of the independent variables, β 2 becomes insignificantly different from zero for both August and December options. Therefore, it appears that the implied volatility is affected mostly by the spot price change following the option transaction. The results also suggest that the bias of the ISD depends on the level of the volatility, which is consistent with the theoretical implication of equation (4).
13
Of particular interest is that the results also imply that the option market leads the spot market. If the option market acknowledges the arrival of new information prior to the spot market, the ISD calculated at time t should reflect the price change in the spot market from time 12 Only call options are tested because the theoretical arguments in section II are for call options. 13 We have actually run the following regressions to test the relationship between the ISD bias and the level The coefficient, β, is significantly positive in (A) whereas it is close to zero in (B). This result is quite expected given the results in Table 3 . The independent variable in (A) and (B) is a measure of percentage change in the spot price, which is itself a major component of the estimated bias in Table 3 . Since the bias is roughly equal to the percentage change in the spot price divided by the time to expiration, the positive and zero betas in (A) and (B), respectively, are expected, given the results in Table 3 . The regression results of (A) and (B) indeed support it. The results are not reported in the paper but will be available from the authors upon request. t to time t+1.
14 The results in Table 3 suggest that this is indeed the case. The ISD is significantly affected by the spot index price movement immediately following the option transaction rather than by the spot index movement prior to the option transaction. This result, in turn, indicates that the option market leads the spot market at least for the sample.
D. Does the Option Market Anticipate the Direction of Spot Price Change?
We have reported the possibility that the option market leads the spot market, and that the temporal price relation between the two markets may cause a systematic bias in the implied volatility of the option. One may then wonder further whether the option market can even anticipate the direction of the spot price movement. To test this possibility, we use the methods similar to those adopted by Harvey and Whaley (1991) .
First, we consider volatility spread between call and put options. If the oncoming spot price movement is upward and the option market anticipates this, it will result in an increase in the call volatility and a decrease in the put volatility, thereby increasing the volatility spread. If the oncoming spot price movement is downward, however, it will cause the volatility spread to decrease. Therefore, we can test the temporal price relation by examining the relation between the change in the volatility spread and the change in the stock price.
Whaley (1986) reports that the put options on the S&P 500 index futures tend to have higher volatilities than the call options. Bates (1991) argues that the difference in implied volatilities between calls and puts might reflect investors' expectations about the probability of market movements up or down. One caveat is that, due to nonsynchronous trading of the component stocks of the index, the reported index may lag the true index value while there is no significant lag in observed option prices. This means that the theoretical option price based on the reported index and the actual option price may be different whenever the prices of the index component stocks change fast. As a result, the option market may appear to anticipate the index price movement in advance. However, in this study we focus on whether a lead-lag relation exists between the two markets rather than trying to explore the sources of such a relation.
We select pairs of call and put option transactions that occurred within a minute. Again a diagram will help illustrate the sampling procedure.
In the above diagram, t P (C t ) is the put (call) premium at time t. We use a pair of t P and t C that occur in less than a minute apart but the first transaction can be either a put or a call. t S is the spot price recorded between the two option transactions and closest to the middle.
To investigate whether the volatility spread predicts the upcoming change in the spot price, we estimate the following regression:
known in advance in the option market.
where Spread is the volatility spread between call and put options. A positive 3 β indicates that the option market anticipates the direction of the spot market movement. We also test whether the spread is influenced by the previous spot price change as well, using the following regression:
The results are reported in Table 4 . Overall, the results show that the volatility spread is indeed positively related to upcoming spot price movements for both August and December 1998 options. However, no significant relation is found between the volatility spread and the previous spot price change: the estimate of the coefficient, 4 β , is negative but not significantly different from zero.
In the above tests, we have used t S as the contemporaneous spot price in calculating the volatility spread. Even though there is no reason to believe that there would be a systematic bias in our estimates by this practice, a concern may arise because t S is not observable at the time of the first transaction of the option, t P or C t . To address this issue, we simultaneously estimate the implied volatility and the implied spot price using the call and put options together.
There are two equations, one for the call and the other for the put, with two unknowns, so that we can derive unique solutions for the implied volatility and the implied spot price. Then, the following regression is estimated to test the predicting power of the implied spot price:
where i t S is the implied spot price. If the implied spot price has any predicting power for the upcoming price level, β 5 would be positive.
The results are reported in Table 5 . The slope coefficient estimates are significantly positive for both August and December options. However, the predictive power is not perfect,
i.e., the coefficient estimates are far from one. The results suggest that the implied spot price only partially predicts the upcoming spot price.
IV. CONCLUSION
We show that if a particular temporal relation exists between the option and spot markets, the implied volatility in option prices can be biased depending on the level of the true volatility. The higher the true volatility, the more upward (downward) biased the implied volatility will be, if the option market leads (lags) the spot market. Using intraday data of the S&P 500 index options, we show that the option market leads the spot market at least in the sample. More importantly, the implied volatility is biased due to the lead-lag relationship, and the bias is more profound when the market is more volatile. 
Table 2 Summary Statistics of Implied Volatility and Implied Bias
Intraday data of August and December 1998 S&P 500 index options are used in the estimation. Contemporaneous spot indexes (prices) and T-bill rates with the same times to maturity as the options are matched. Implied bias induced by the lead-lag relation is measured as The following regressions are estimated using at-the-money August and December 1998 options. 
where ISD is the implied standard deviation, and t is the option transaction time. ). The parameter estimates are reported for the samples of August call and December call options separately. We also report the estimates from the regression of ISD on both of the independent variables. In the parenthesis are t-statistics. * represents significance at the level of 1%. 
Table 4 Relationship between Implied Volatility Spread and the Spot Price Change
The following regressions are estimated using at-the-money August and December 1998 options: The following regressions are estimated using at-the-money August and December 1998 options: 
